RNase J, a prokaryotic 5 0 -3 0 exo/endoribonuclease, contributes to mRNA decay, rRNA maturation and post-transcriptional regulation. Yet the processiveexoribonucleolysis mechanism remains obscure. Here, we solved the first RNA-free and RNA-bound structures of an archaeal RNase J, and through intensive biochemical studies provided detailed mechanistic insights into the catalysis and processivity. Distinct dimerization/tetramerization patterns were observed for archaeal and bacterial RNase Js, and unique archaeal Loops I and II were found involved in RNA interaction. A hydrogen-bond-network was identified for the first time that assists catalysis by facilitating efficient proton transfer in the catalytic center. A conserved 5 0 -monophosphate-binding pocket that coordinates the RNA 5 0 -end ensures the 5 0 -monophosphate preferential exoribonucleolysis. To achieve exoribonucleolytic processivity, the 5 0 -monophosphate-binding pocket and nucleotide 14 binding site anchor RNA within the catalytic track; the 5 0 -capping residue Leu37 of the sandwich pocket coupled with the 5 0 -monophosphate-binding pocket are dedicated to translocating and controlling the RNA orientation for each exoribonucleolytic cycle. The processive-exoribonucleolysis mechanism was verified as conserved in bacterial RNase J and also exposes striking parallels with the non-homologous eukaryotic 5 0 -3 0 exoribonuclease, Xrn1. The findings in this work shed light on not only the molecular mechanism of the RNase J family, but also the evolutionary convergence of divergent exoribonucleases.
Summary
RNase J, a prokaryotic 5 0 -3 0 exo/endoribonuclease, contributes to mRNA decay, rRNA maturation and post-transcriptional regulation. Yet the processiveexoribonucleolysis mechanism remains obscure. Here, we solved the first RNA-free and RNA-bound structures of an archaeal RNase J, and through intensive biochemical studies provided detailed mechanistic insights into the catalysis and processivity. Distinct dimerization/tetramerization patterns were observed for archaeal and bacterial RNase Js, and unique archaeal Loops I and II were found involved in RNA interaction. A hydrogen-bond-network was identified for the first time that assists catalysis by facilitating efficient proton transfer in the catalytic center. A conserved 5 0 -monophosphate-binding pocket that coordinates the RNA 5 0 -end ensures the 5 0 -monophosphate preferential exoribonucleolysis. To achieve exoribonucleolytic processivity, the 5 0 -monophosphate-binding pocket and nucleotide 14 binding site anchor RNA within the catalytic track; the 5 0 -capping residue Leu37 of the sandwich pocket coupled with the 5 0 -monophosphate-binding pocket are dedicated to translocating and controlling the RNA orientation for each exoribonucleolytic cycle. The processive-exoribonucleolysis mechanism was verified as conserved in bacterial RNase J and also exposes striking parallels with the non-homologous eukaryotic 5 0 -3 0 exoribonuclease, Xrn1. The findings in this work shed light on not only the molecular mechanism of the RNase J family, but also the evolutionary convergence of divergent exoribonucleases.
Introduction
RNA turnover regulates the stability and translation of transcripts, making it a critical modulator of gene expression and vital to cell survival (Garneau et al., 2007; Arraiano et al., 2010; Belasco, 2010; Merritt et al., 2014) . Cellular RNA degradation is accomplished by an ordered action of a suite of endoribonucleases and/or 5 0 -3 0 /3 0 -5 0 exoribonucleases. In eukaryotes, mRNAs are mainly degraded by a 3 0 -5 0 exoribonuclease known as the exosome or by the 5 0 -3 0 exoribonuclease, Xrn1, upon 5 0 -decapping (Liu et al., 2006; Garneau et al., 2007; Belasco, 2010; Nagarajan et al., 2013; Makino et al., 2013; Chlebowski et al., 2013) , whereas mRNA decay in bacteria is generally initiated by endonucleolytic cleavage (Callaghan et al., 2005; Koslover et al., 2008; Carpousis, 2007; Shahbabian et al., 2009; Yao & Bechhofer, 2010) , and followed by 3 0 -5 0 exoribonuclease attack (McLaren et al., 1991; Spickler and Mackie, 2000; Oussenko et al., 2005; Carpousis, 2007; Hui et al., 2014) . Although Xrn1 mediated 5 0 -3 0 mRNA decay plays a central role in eukaryotes (Jinek et al., 2011; Nagarajan et al., 2013) , 5 0 -3 0 mRNA degradation was believed to be absent in bacteria until the discovery of the bacterial 5 0 -3 0 exoribonuclease RNase J (Even et al., 2005; Mathy et al., 2007; Belasco, 2010; Condon, 2010) . RNase J possesses both 5 0 -3 0 exo-and endoribonuclease activities (Even et al., 2005; Mathy et al., 2007) , and has no sequence similarity to Xrn1. Although first characterized as an endoribonuclease (Even et al., 2005) , RNase J has been determined to function primarily as a 5 0 -3 0 exoribonuclease, and play essential roles in rRNA maturation and mRNA degradation Britton et al., 2007; Condon, 2010) . RNase J is also involved in governing global mRNA stability and controlling the expression of bulk transcripts including virulence genes, and thus serves as a global post-transcriptional regulator in bacteria (Mader et al., 2008; Bugrysheva and Scott, 2010; Durand et al., 2012; Linder et al., 2014) .
RNase J belongs to the conserved b-CASP family of proteins, a subfamily of zinc-dependent metallo-b-lactamases (MbL) with nucleic-acid hydrolase activity (Callebaut et al., 2002) . The crystal structures of RNase J from Thermus thermophilus (tth-RNase J) and Bacillus subtilis (bsu-RNase J1) show a two-zinc ion catalytic center and an RNA binding channel positioned at the interface of the b-CASP and metallo-b-lactamase domains (de la Sierra-Gallay et al., 2008; Dorleans et al., 2011; Newman et al., 2011) . Two recently reported RNA-bound structures of RNase J from Deinococcus radiodurans (dra-RNase J) and Streptomyces coelicolor (sco-RNase J) have elucidated the detailed two-zinc-ion catalytic mechanism, in which a water molecule is coordinated by two zinc ions and is activated to be a hydroxyl ion so as to achieve an in-line nucleophilic attack for hydrolytic cleavage (Zhao et al., 2015; Pei et al., 2015) . As a highly processive exoribonuclease Clouet-d'Orval et al., 2010) , RNase J has to translocate the (n-1) RNA products one nucleotide forward to the catalytic site following each 5 0 -terminal cleavage. However, the RNA translocation mechanism of RNase J, the essence of its processive exoribonucleolysis, remains obscure, except that the involvement of a sandwich pocket in RNA translocation was predicted for sco-RNase J (Pei et al., 2015) .
Compared with the well-known mRNA decay and ribonucleases in Eukaryotes and Bacteria, such knowledge in Archaea is scarce (Belasco, 2010; Dominski et al., 2013; Hui et al., 2014) . The discovery of archaeal b-CASP family proteins represented a breakthrough (Dominski et al., 2013; Phung et al., 2013; Clouetd'Orval et al., 2015) , and in-depth phylogenomic analyses have shown that bacterial RNase J orthologs are highly represented in Archaea (Clouet-d'Orval et al., 2010; Phung et al., 2013; Clouet-d'Orval et al., 2015) . However, thus far only three archaeal RNase Js have had their enzymatic activities characterized (Clouetd'Orval et al., 2010; Levy et al., 2011) , and neither crystal structures nor detailed molecular mechanisms have been reported. In this study, we solved the first RNAfree and RNA-bound structures of mpy-RNase J, an archaeal RNase J from Methanolobus psychrophilus R15. Through intensive structural and biochemical studies of mpy-RNase J, we thoroughly elucidated the mechanism of processive exoribonucleolysis, including 5 0 -end specific recognition, RNA anchoring sites, catalysis and RNA translocation. The mechanism of processive exonucleolysis in archaeal RNase J was also experimentally verified in bacterial RNase J, and we even found striking parallels with the nonhomologous eukaryotic 5 0 -3 0 exoribonuclease Xrn1. Therefore, the findings in this study shed light on the processive exoribonucleolysis mechanism of the RNase J family and the evolutionary convergence of divergent exoribonucleases.
Results
Mpy-RNase J exhibits exoribonuclease activity and uses pNp as the minimal substrate
The archaeal mpy-RNase J (Mpsy_0886), a 448-aminoacid protein, has all the signature motifs of b-CASP proteins and shares the archaeal RNase J characteristics, i.e., lack of the bacterial C-terminal domain but having two additional short insertions, loop I (residues 39-51) and loop II (residues 297-305) (Supporting Information Fig. S1 ). Similar to other RNase J homologs, the recombinant mpyRNase J displays 5 0 -monophosphate preferential 5 0 -3 0 processive exoribonucleolytic activity (Supporting Information Figs S2 and S3, detailed results presented in Supporting Information). However, distinct from bacterial RNase Js (de la Sierra-Gallay et al., 2008; Pei et al., 2015) , and similar to other archaeal RNase J (Clouet-d'Orval et al., 2010) , mpy-RNase J is capable of exonucleolytically degrading 5 0 -triphosphorylated RNA completely to the 3 0 end (Supporting Information Fig. S2C and D) , but at about a nine fold lower rate than for 5 0 -monophosphorylated RNA (Supporting Information Fig. S3B and Table S1 ). Notably, mpy-RNase J even converted pCp to CMP (Supporting Information Fig. S2B and D), indicating that pNp is the minimal substrate of RNase J. This was confirmed by CMP generation from radiolabeled 5 0 -[ 32 P]pCp when incubated with mpy-RNase J (Supporting Information Fig. S3C ). In parallel, the bacterial sco-RNase J also converted pCp to CMP but at a much lower efficiency (Supporting Information Fig. S3C ).
Overall structure of mpy-RNase J shows distinctions from that of bacterial RNase J To investigate the molecular mechanism of archaeal RNase J, we determined the crystal structures of substrate-free mpy-RNase J at a 2.9 Å resolution and its mutant H84A, which has almost completely lost enzymatic activity on both sR47 and 10 nt polyA RNAs (Figs. 2C and 5A), complexed with a 5-nt polyA RNA (H84A-RNA) at 2.3 Å resolution (Supporting Information  Table S2 ). The mpy-RNase J protomer contains only an MbL domain (residues 1-206 and 391-448) and a b-CASP domain (residues 219-381) that inserts into the MbL domain through two hinges (residues 206-219 and 381-391) (Fig. 1A) . Similar to bacterial RNase J, a dizinc ion catalytic core that is deeply buried in a narrow channel grooved by the MbL and b-CASP domains is observed in the substrate-free structure of mpy-RNase J. Two zinc ions are coordinated in octahedral configuration by residues His82, His84, Asp86, His87, His152, Asp174, His410 and a water molecule (Fig. 1B) . Matched structural superimposition with r.m.s.d. of 1.60 Å for 389 Ca atoms is found between the protomers of RNA-bound mpy-RNase J and dra-RNase J1 in an open conformation (PDB code: 4XWW) (Fig. 1C) . Where structural differences are found, those are primarily derived from the amino-acid sequence differences aforementioned (Fig. 1C) . Archaeal loop I is located close to bases 12 to 14 (relative to the scissile phosphate) in the RNA-bound structure, and loop II forms the Nterminus of helix a10 and is situated at the RNA channel entrance, and over it a sulfate ion is observed. Thus, A. A cartoon representation of RNA-free mpy-RNase J monomeric structure. Sulfate ions, zinc ions, water molecule W1, archaeal loops I and II, and the two hinges connecting the b-CASP (wheat) and MbL (light blue) domains are shown in orange, violet, red, green, cyan, magenta and blue respectively. B. The catalytic site of mpy-RNase J. Zinc ions and water molecule W1 are surrounded by the ligand-omitted 1Fo-Fc electron density map contoured at 3o'. C. Superimposition of the protomers of mpy-RNase J (light blue with orange RNA) and bacterial dra-RNase J1 (wheat, PDB code: 4XWW). D and E. Superimpositions of a dimeric mpy-RNase J (green in different shadows with orange RNA) and a dimeric (D) or tetrameric (E, left panel) dra-RNase J1 (yellow in different shadows with magenta RNA) via superimposing one protomer of the former with one of the latter. The inset of panel E shows the positions of RNA molecules bound by different protomers in detail with numbers 1-4 labeled at the 3 0 -ends of RNAs. The rotation axis between the second protomers (No. 2) of archaeal and bacterial dimers are shown. In contrast to that in the bacterial dimer, the second protomer in the mpy-RNase J dimer rotates about 1408 around the axis, and its RNA molecule departs from that of bacterial RNase J at about 21 Å distant to the first phosphate group (site 21).
archaeal loops I and II are predicted to be involved in RNA interaction based on the structural analysis, and their requirement for full exoribonucleolytic activity has been determined in pab-RNase J, an archaeal RNase J from P. abyssi (Clouet-d'Orval et al., 2010) .
Size exclusion chromatography indicated that mpyRNase J primarily exists as a homotetramer in solution (Supporting Information Fig. S4 ). Two molecules in the asymmetric units of both structures are assumed to compose a dimer (Fig. 1D , Supporting Information A. Overview of the RNA binding channel in the mpy-RNase J/RNA structure. A 5-nt RNA and a sulfate ion (orange) in the channel are surrounded by a ligand-omit 1Fo-Fc map contoured at 3o ' . B. The catalytic center in the merged structure of RNA-free and H84A-RNA structures. Red dotted line shows the boundary of the respective structures derived from the apo (inside the line) and H84A-RNA (outside the line) structures. Notably, the sidechain of His84 (framed), the two-zinc-ion and the coordinated water molecule (W1) are not present in the H84A-RNA structure. C. The 30 min nuclease assays of mpy-RNase J and its mutants using the same procedure and the same 5 0 labeled 5 0 -monophosphate sR47 RNA substrate as in Supporting Information Fig. S2A . CK, WT and H84A/H87A specify reactions without or with the enzyme or the mutant H84A/H87A respectively. D. The minimal substrate pNp recognized within the catalytic core in the S247A-RNA structure. Residue Ser247 and water molecule W2 in the shadow are invisible in the S247A-RNA structure but observed in the H84A-RNA structure. E. A proposed hydrogen-bond-network assisted two-metal-ion catalysis mechanism for archaeal RNase J. Red arrows show the direction of in-line nucleophilic attack. F and G. Interactions of mpy-RNase J and the phosphate groups (F) or the other parts (G) of RNA. Residues involved in the phosphate, ribose, and base interactions are shown in cyan, teal and yellow sticks. Helix a9 and archaeal loop I are colored in red and green respectively.
Figs. S5A and B). From two related dimers by a crystallographic twofold symmetric axis, a tetramer with 222 point group symmetry is obtained (Fig. 1E , Supporting Information Figs. S5A and B) . The monomer-monomer interface of the dimer is primarily formed by the two hinges that link MbL and b-CASP domains, a7 and adjunct regions (a9, a12, a13 and b17) (Supporting Information Fig. S5D and E) ; while the dimer-dimer interface of the tetramer mainly involves the two sides of the substrate binding pocket, and is formed by a crossassociation of helices a12 of the b-CASP domain and a14 of the MbL domain from each protomer, resulting in a side opening and immobilization of the RNA binding channel (Supporting Information Fig. S5A and B). In contrast, bacterial RNase J is dimerized mainly via the C-terminal domain, and is tetramerized by the crossassociation of helices a6, a13 and a14 (corresponding to helices a4, a11, and a12 in mpy-RNase J) of the MbL domain of the two protomers (Supporting Information Fig. S5C , and [Newman et al., 2011] ). Once superposing one protomer of archaeal RNase J dimer or tetramer with that of bacterial RNase J, the remaining three protomers will not match to each other at all (Fig. 1D and E) . In contrast to that in the bacterial dimer, the second protomer in the mpy-RNase J dimer rotates about 1408 around an axis that is vertical to the plane, and its RNA molecule departs from that of bacterial RNase J at about 21 Å distant to the first phosphate group (site 21) ( Fig. 1D and E). Thus, different monomer-monomer and dimer-dimer interfaces result in a distinct spatial organization (domain orientation) of the dimers and tetramers from that of bacterial RNase J, though the monomer structures of the two superimpose well ( Fig The RNA-bound structure discloses a hydrogen-bondnetwork involved in catalysis The H84A-RNA structure reveals RNA located in a positively charged channel at the interface of the MbL and b-CASP domains ( Fig. 2A) . However, neither a zinc ion nor water molecule is observed in the catalytic site, verifying that His84 is involved in anchoring zinc ions. We merged the RNA-free and -bound structures and observed more interactions in the sidechain of His84, the two-zinc-ions, the coordinated water molecule (W1), and RNA. Notably, another water molecule W2 adjacent to the catalytic site is hydrogen-bonded by His84, Ser153 and Ser247, and the third water molecule W3 forms hydrogen bonds with Ser153, the scissile phosphate and the 5 0 terminal phosphate. His84 is known to be hydrogen-bonded to one zinc ion in the apo structure, and thereby W1, zinc-ions, His84, W2, Ser153, Ser247, W3 and RNA appear to constitute a hydrogenbond-network in the catalytic core (Fig. 2B ). Sequence alignment revealed that the three residues (His84, Ser153 and Ser247) in the hydrogen-bond-network are highly conserved in the RNase J family (Supporting Information Fig. S1 ), and alanine substitutions of them all dramatically reduced the exoribonuclease activity of mpy-RNase J (Fig. 2C ). The RNA binding ability was then assayed for S153A and S247A on the background of H84A, a variant abolishing cleavage but retaining the substrate binding. RNA binding assay was failed for the wild-type mpy-RNase J because of the efficient RNA cleavage. As shown in Supporting Information Fig. S6 , upon the background of H84A, comparable RNA binding was determined for S153A and S247A with the wild-type mpy-RNase J, thus excluding the involvement of Ser153 and Ser247 in RNA binding. Therefore, for the first time we identified a hydrogen-bond-network adjacent to the catalytic site in archaeal RNase J and demonstrated its contribution to catalysis.
A proposed hydrogen-bond-network facilitated catalytic mechanism
To capture a structure that not only binds RNA but also retains Zn 21 ions so as to reveal the detailed RNA recognition and catalytic mechanism of mpy-RNase J, we further solved the crystal structure of a catalytically blunt mutant, S247A, in complex with the same 5-nt polyA RNA (S247A-RNA) at 2.4 Å resolution (Supporting Information Table S2 ). As anticipated, both zinc ions and the coordinated water molecule (W1) are clearly observed, and RNA is poised in a conformation ready for cleavage in the S247A-RNA structure. The two zinc ions are bound in a similar octahedral configuration as aforementioned: the W1 oxygen and the carboxylate oxygen (OD1) of Asp174 (motif IV) bridge to both zinc ions; Asp86, His87 (motif II) and His410 (motif V/C) provide three more hydrogen bonds with Zn1; and His82, His84 (motif II) and His152 (motif III) provide bonds to Zn2 ( Fig. 2D and Supporting Information Fig. S1 ). The RNA scissile phosphate also coordinates both zinc ions through two oxygen atoms (OP1 and OP2) (Fig. 2D ).
More detailed examination indicates that W1 is 3.3 Å distant to the scissile phosphate and forms an angle of $1608 with the scissile phosphodiester bond ( Fig. 2D and E). Thus, in the S247A-RNA structure, the catalytic site is situated in a close reaction-ready conformation for an in-line nucleophilic attack. Remarkably, a complete hydrogen-bond-network in the catalytic core is observed in the S247A-RNA structure: in addition to the aforementioned hydrogen bonds, the scissile phosphate O3 0 leaving oxygen is hydrogen bonded by the conserved residue His388 ( Fig. 2D and E) . Thereby, the hydrogen-bond-network appears to constitute a complete proton transferring chain from Asp86 to His388. Alanine substitution of His388 abolished the catalytic activity of mpy-RNase J on 5 0 monophosphorylated sR47 RNA (Fig. 3A and B ). An electrophoresis mobility shift assay (EMSA) determined a fivefold reduced RNA binding activity of the H388A/H84A mutant compared with that of H84A, a variant abolishing cleavage but without compromising the substrate binding ( Fig. 3C  and D ). These results demonstrate the contribution of His388 to catalysis and substrate coordination. A hydrogen bond is also found between His388 and Glu206 (Motif A), implying that Glu206 coordinates the position of His388 for catalysis, like a canonical catalytic dyad. Therefore, given the close reaction-ready conformation of the catalytic site disclosed by the S247A-RNA structure, we propose that archaeal RNase J uses a hydrogen-bond-network facilitated two-metal-ion catalysis mechanism ( Fig. 2D and E) . Asp86 likely acts as a general base to deprotonate the two-zinc-ions coordinated water molecule W1 to form an activating hydroxyl group that in-line attacks the scissile phosphate. Subsequently, the proton is transferred through the zinc ion, His84 and the hydrogen-bond-network successively. After breakage of the scissile phosphodiester bond, His388, acting as a general acid, accepts the hydrogenbond-network proton and then donates it to neutralize the O3 0 leaving oxygen of the scissile phosphate group. The neighboring Glu206 maintains the position of His388. To our knowledge, this is the first elucidated catalytic mechanism for archaeal RNase J. The first-time identified hydrogen-bond-network that facilitates the twometal-ion catalysis adds new insights into the catalytic mechanism of the RNase J family and the b-lactamase superfamily. 0 p pocket residues, H384A, S386A, H384A/S386A or the general acid residue, H388A) were assayed on 5 0 labeled 5 0 -monophosphate sR47 under the same reaction condition as in Supporting Information Fig. S2A for the indicated times, and TLC results are shown. Mutant of H84A/H87A was used as a negative control. The generated GMP was quantified and plotted vs. the reaction time (B). C. On a background of H84A, which abolishes cleavage but without affecting substrate binding, RNA binding activities of mpy-RNase J and its mutants were compared by an electrophoretic mobility shift assay using 125 nM 3 0 -end labeled G22 (G22-p*Cp) RNA and proteins with the indicated concentrations. The quantified shifted RNA fraction vs. the protein concentrations is plotted in diagram (D) from which K D was calculated. All data were calculated from three independent measurements.
RNA interactions in mpy-RNase J
Use of pNp as the minimal substrate by RNase Js suggests that the anchoring of nucleotide 21 and the scissile phosphate is sufficient for catalysis, but other enzyme-RNA interactions should be required for efficient RNA translocation during the processive exoribonucleolysis. By a perfect geometry of the scissile phosphate situated at the aforementioned catalytic ready site, the S247A-RNA structure should disclose the authentic RNA interaction of mpy-RNase J. We therefore analyzed the enzyme-RNA interaction details mainly based on this structure and by reference to the H84A-RNA structure. It was observed that the RNA substrate is primarily bound via electrostatic interactions between its phosphate backbone and a ladder of histidine, serine, and arginine residues (Fig. 2F and Supporting Information Fig. S7 ). In addition to the scissile phosphate, the phosphate groups of nucleotides (nts) 21 and 14 were specifically recognized as well. The phosphate group of nt 21, known as the 5 0 -terminal monophosphate (5 0 p), is coordinated by His384, Ser386, Gly387 and a water molecule W3 as described above. His388 interacts with the 5 0 p by van der Waals interactions and a possible salt bridge (Fig. 2F, Supporting Information Figs. S7 and  S8A ). The phosphate group of nt 14 is positioned directly over the N-terminus of helix a9 to form a strong interaction between the negatively charged group and the a-helix dipole, and also forms hydrogen bonds with Arg271 and Ser272. In contrast, no interaction is observed for the phosphate group of nt 12, and the nt 13 phosphate group only forms a hydrogen bond with Ser272 ( Fig. 2F and Supporting Information Fig. S7) .
In contrast to the phosphate groups, the riboses are coordinated by a few electrostatic interactions and the bases are primarily via van der Waals interactions. Three hydrogen bonds are observed at the ribose 2 0 -OH of nts 12 and 13 ( Fig. 2G and Supporting Information Fig. S7 ), which would allow mpy-RNase J to discriminate RNA from DNA that has no ribose 2 0 -OH interactions. Accordingly, mpy-RNase J exhibits a 10-fold higher cleavage rate as well as a 10-fold higher binding affinity for RNA over DNA (Supporting Information Fig.  S9 ). Given that a 10 molar excess of enzyme to substrate in the catalytic reactions, this result suggests that the ribose 2 0 -OH interaction not only contributes to RNA binding but also to the catalysis of mpy-RNase J. MpyRNase J interacts with the RNA bases mainly via van der Waals interactions ( Fig. 2G and Supporting Information Fig. S7 ). Bases of 21 and 11 are clamped by Met15 and Pro357, and Ile356 and Leu37 respectively. Notably, bases of 12, 13 and 14 are sequestered in a sandwich pocket by the three bases stacking with each other and capped by Leu37 of the MbL domain and Arg271 of the b-CASP domain. Leu37 forms a side chain/face interaction with bases of 12 and 11, and Arg271 makes a pi-pi stack with the base of 14. Similar sandwich pockets that sequester bases 12 to 14 are also observed in the RNA-bound structures of dra-and sco-RNase Js (Supporting Information Fig. S10 ) (Zhao et al., 2015; Pei et al., 2015) , implying the importance of this sandwich pocket in enzymatic activity. However, only two bases are sequestered in the equivalent Arg266/Phe43 pocket in the structure of tth-RNase J-2 0 -O-methyl modified RNA (Supporting Information Fig.  S10C) . Moreover, the archaeal loop I, located downstream of Leu37, also interacts with RNA bases in mpyRNase J: Gln41 and Asp38 are hydrogen-bonded with base of 11 directly and via water respectively; the side chains of Thr48 and Asp49 interact with bases in the sandwich pocket via van der Waals interactions. The few hydrogen bonds between mpy-RNase J and the RNA bases imply a relaxation of RNA base recognition. In summary, the structure shows that mpy-RNase J recognizes its substrate RNA specifically at the phosphate groups but loosely at the bases.
5
0 -End recognition contributes to RNA coordination and catalysis
The 5 0 p binding mode suggests specific recognition and tight binding of 5 0 p by mpy-RNase J, which is consistent with the 5 0 p preference of exoribonucleolysis. Although the single mutation of His384 or Ser386 only showed a <10% decrease, the double mutation of H384A/S386A dramatically reduced the exoribonucleolytic activity ( Fig.  3A and B) . This is similar to the corresponding mutants His377A, S379A and H377A/S379A of dra-RNase J (Zhao et al., 2015) . Consistently, the double mutation of H384A/S386A remarkably reduced the RNA binding by 5-fold, while single mutation of His384 or Ser386 had less than twofold reduction ( Fig. 3C and D) . These data validate the contribution of the 5 0 p pocket residues to tight 5 0 p binding for robust catalysis, probably by orientating the scissile phosphate in a catalytically permissive conformation. The conservation of the 5 0 p pocket in the RNase J family (Supporting Information Fig. S1 ) suggests that 5 0 p binding contribution to exoribonuclease activity is shared by prokaryotic RNase Js. These experimental data have proven the key role of the 5 0 p pocket in RNA 5 0 terminal coordination and this coordination is essential for the exoribonucleolytic catalysis of the RNase J family.
Nucleotide 14 binding site coupled with the 5 0 p pocket anchors RNA To implement processive exoribonucleolysis, an exoribonuclease primarily requires at least two anchoring sites Mechanism of processive exonucleolysis of RNase J 357 to prevent RNA from slipping off during translocation (Zuo et al., 2006; Dorleans et al., 2011) . In addition to the 5 0 p pocket, nt 14 appears to afford another RNA anchoring site because both the phosphate and base moieties are specifically coordinated. In details, the nt 14 phosphate group is fixed by helix a9 as described above, while the nt 14 base moiety stacks with Arg271 and the nt 13 base in a sandwich pocket (Fig. 2F and G, Supporting Information Figs. S7 and S10A). Though not indicated previously, the nt 14 binding pattern is also found in dra-RNase J and sco-RNase J (Supporting Information Fig. S10B and D) . Structure superposition discloses similar sandwich pockets and nt 14 interactions in mpy-, dra-and sco-RNase Js (Supporting Information Fig. S10E and F) . Dorleans et al. (2011) also found that bsu-RNase J1 becomes distributive on substrates shorter than 5 nt, and proposed a polar contact between Arg310 (Arg318 in tth-RNase J) and the fifth phosphate group in anchoring RNA in bsu-RNase J1. In contrast to what is observed in mpy-, dra-, and scoRNase Js, stacking of the nt 14 base with arginine and the nt 13 base in tth-RNase J is lost, and only 2 nt of RNA is sequestered in the sandwich pocket by the corresponding residues of Arg266 and Phe43 (Supporting Information Fig. S10C and F) . Sequence alignment and structure superposition all indicate that Arg318 of tthRNase J is not the equivalent arginine that caps the sandwich pocket in the other three RNase Js (Arg271 in mpy-RNase J) (Supporting Information Figs. S1 and S10F). These differences are likely derived from the 2 0 -O-methyl modified RNA, a non-native RNA, used in the tth-RNase J structure. We predict that due to the 2 0 -Omethyl modification, the RNA in the tth-RNase J structure was positioned in a more stretched conformation, resulting in a distinct interaction of nt 14 compared to those observed in mpy-, dra-and sco-RNase Js (Supporting Information Fig. S10 ).
To determine whether nt 14 is another major RNA anchoring site, we conducted exoribonucleolysis kinetics and RNA binding assays for mpy-RNase J on polyA RNAs of length 5 to 11 nt. Figure 4A shows that degradation intermediates in length of 1-4 nt were accumulated from the 3 0 -labeled polyA RNAs, suggesting that mpy-RNase J loses processivity once the substrates are shorter than 5 nt. Among the 5 0 -labeled RNAs of 4-16 nt, 4 nt RNA was the most slowly degraded (Fig. 4B) , and this was consistent with the 100-fold reduction of affinity to 4 nt compared to !5 nt RNAs by mpy-RNase J (Fig. 4C) . Thus, the two tight RNA binding sites of mpy-RNase J should be distant by 5 nt, and a 4 nt-RNA is too short to be synchronously anchored by the 5 0 p pocket and nt 14 binding site, and therefore cannot be processively degraded. The conserved binding pattern of nt 14 was found in mpy-, dra-and sco-RNase Js in this work (Supporting Information Fig. S10 ), which supports the hypothesis that the nt 14 binding site couples with the 5 0 p pocket to anchor RNA for processive exoribonucleolysis. The sandwich pocket residue Leu37 and 5 0 p pocket synergistically translocate RNA In addition to tightly clamping RNA, the exoribonucleolytic processivity requires an elaborated RNA translocation by which the produced 5 0 p (n-1) RNA advances one nucleotide following each 5 0 -terminal cleavage. To elucidate the detailed processivity mechanism of archaeal RNase J, we determined the key residues in the mpy-RNase J structure that contribute to RNA translocation. Alanine substitution was made for His384 and Ser386 of the 5 0 p pocket, His388 in the catalytic core, Leu37 and Arg271 that cap the sandwich pocket, and Pro357 that stacks with the 21 base respectively. To avoid possible severe effects on nuclease activity and also to observe more detailed mutation effects of Leu37 and Arg271, additional mutants L37V, L37F and R271K were constructed.
Using a 5 0 -labeled 10 nt polyA (A 10 ) ssRNA as a substrate, the effect of the mutations on exoribonuclease activity were first assayed. Similar to the above results, H388A abolished, but H384A and S386A just slightly reduced (<10%) the exoribonuclease activity (Fig. 5A) . However, L37A, R271K, and R271A somewhat reduced the enzymatic activity (Fig. 5A ), but L37V, L37F and P357A did not. This indicates that the sandwich pocket residues Leu37 and Arg271, and the nt 21 clamping residue Pro357 may not be essential for exoribonuclease activity. Next, to reveal the role of these residues in RNA translocation, a 3'-labeled A 10 ssRNA was used as the substrate. As shown in Fig. 5B , the wild-type (WT) processively degraded the A 10 ssRNA until 4 nt degradation products accumulated, which indicates a 5 nt distance between the two major RNA binding sites as described above. Compared to the WT, mutants of H384A and S386A generated more stalled degradation intermediates longer than 4 nt. Given that H384A and S386A almost retained full exoribonuclease activity (Fig. 5A ) and the RNA binding ability of the WT (Fig. 3C and D) , we predict that the >4 nt degradation intermediates are due to retardation in RNA translocation, thereby demonstrating that the 5' pocket residues His384 and Ser386 are directly involved in exoribonucleolytic processivity. Similarly, mutants of the sandwich pocket residue Leu37, L37F and L37A produced stalled degradation intermediates at the 3'-labeled A 10 similar to H384A and S386A (Fig. 5B) . Moreover, they also retained almost full RNA binding activity (Supporting Information Fig. S6 ). However, except for the faint large stalled degradation intermediates, R271A, R271K and P357A mutants produced similar degradation intermediates as the WT (Fig. 5B) , and R271A also nearly retained the RNA binding ability of the WT (Supporting Information Fig. S6 ). This suggests that Leu37 is directly involved in RNA translocation as well, but Arg271 and Pro357 are not.
In summary, both nuclease kinetics and RNA binding assays strongly support that Leu37, the residue capping the sandwich pocket at the 5 0 end and stacking with 11 base, collaborates with the 5'p pocket to drive RNA ) were used to assay the activity of mutants on 10% PAGE gels by the same condition as in Figure S2A and B for 30 min. A mixture of labeled polyA RNAs were used as markers of the degradation products from 3 0 -labeled A 10 (B). Arrows indicate the major products. The bracket shows the stalled degradation intermediates longer than 4 nt produced by the mutants.
translocation and control RNA orientation in each exoribonucleolytic cycle.
The RNA translocation mechanism is conserved in the RNase J family Because mutants R267A and F52A abolish exoribonucleolysis, Pei et al. predicted that the sandwich pocket assists in driving processive exoribonucleolytic cleavage (Pei et al., 2015) . To compare the RNA translocation mechanism employed by archaeal and bacterial RNase Js, we determined the key residues in the 5'p and sandwich pockets of the bacterial sco-RNase J in contribution to RNA translocation in parallel. Alanine substitutions were made for His373/Ser375 of the 5'p pocket, Phe52/Arg267 of the sandwich pocket, and His377, the corresponding general acid residue in scoRNase J. F52L and R267K were constructed as the mutation effect controls, while mutants H86A and H86A/ H89A, the residues coordinating zinc ions, were constructed as activity controls.
Compared with mpy-RNase J, sco-RNase J exhibited unexpectedly lower exoribonuclease activity, but accumulated similar intermediates from 3 0 -labeled A10 RNA (Supporting Information Fig. S11A and B) . By using a 5 0 -labeled A 10 ssRNA as a substrate, the effect of the mutations on exoribonuclease activity was assayed for sco-RNase J. Similar to the corresponding mutants of mpy-RNase J, H377A (H388A in mpy-RNase J) abolished, but H373A and S375A (H384A and S386A in mpy-RNase J) just slightly reduced (<10%) the exoribonuclease activity (Supporting Information Fig. S11C ). F52A (L37A in mpy-RNase J) reduced by $40% of the activity of the wild-type sco-RNase J, and R267A (R271A in mpy-RNase J) diminished by $30% of the activity; whereas F52L reduced by $80% but R267K hardly affected the exoribonuclease activity. Similar to the corresponding mutants of mpy-RNase J, the mutants H373A, S375A and F52L/A of sco-RNase J all produced more degradation intermediates of !4 nt from the 3 0 -labeled A 10 ssRNA than the WT (Supporting Information  Fig. S11D ). This demonstrates that the 5 0 p residues and 5 0 -capping residue Phe52 of the sandwich pockets are directly involved in the processivity of sco-RNase J as well. Thus, bacterial RNase Js also employ the processivity (RNA translocation) mechanism disclosed in archaeal RNase J.
Discussion
A unified model for processive exoribonucleolysis of RNase J family members
In this study, we solved the structures of an archaeal RNase J in its free and RNA-complex forms for the first time. By combining structural and biochemical data, we propose a model for the processive exoribonucleolysis, including RNA catalysis and translocation, for archaeal RNase J (Fig. 6A) . Archaeal RNase J uses a newly identified hydrogen-bond-network that facilitates twometal-ion catalysis (Fig. 2D) . Similar to bacterial RNase J, a hydroxyl ion derived from the two-zinc-ions coordinated water acts as the nucleophile for in-line attack on the scissile phosphate so as to achieve hydrolytic cleavage. Adjacent to the catalytic site, an extensive hydrogen-bond-network assists the catalysis by facilitating an efficient proton transfer within the catalytic hydration chain. Importantly, for exoribonucleolytic processivity, the 5 0 p pocket and nt 14 binding sites tightly clamp RNA to prevent it from slipping off during processive cleavage. Following each 5 0 -terminal cleavage, Leu37, the residue capping the sandwich pocket at the 5 0 end, in concert with the 5 0 p pocket, translocate the 5 0 p (n-1) RNA by advancing one nucleotide using the hydrolysis released energy (Fig. 6A) . After releasing the cleaved mononucleotide, bases in the sandwich pocket proceed forward and Leu37 interacts with the immediate followed base. By interacting with the new base of 11, Leu37 may also help the scissile phosphate situate in a proper geometric conformation for catalysis. The 5 0 p pocket, by providing tight RNA binding, pulls the newly produced 5 0 -monophosphate to slip in and be clamped, thus placing the first two nucleotides in a permissive geometry by situating the new scissile phosphate for an in-line attack in the catalytic site. We have proven that this elaborate RNA translocation mechanism in processive exoribonucleolysis is also employed by the bacterial RNase J (Supporting Information Fig. S11 ). Therefore, the disclosed RNA catalysis and translocation mechanisms of processive exoribonucleolysis in this work are shared by the RNase J family and would also shed light on understanding other orthologs of b-CASP family proteins in exoribonucleolytic mode.
Distinctions between archaeal and bacterial RNase Js in processive exoribonucleolysis and 5 0 -end recognition Though archaeal and bacterial RNase Js employ shared RNA catalysis and translocation mechanisms, distinctions in their structures mainly derived from protein sequence divergence are found. Lack of the bacterial Cterminal domain leads to different dimer and tetramer interfaces in archaeal RNase Js ( Fig. 1D and E, Supporting Information Fig. S5 ). The tetramer interface of archaeal RNase J can restrict slipping of the b-CASP and MbL domains and result in a fixed open conformation for the substrate channel (Supporting Information Fig. S5A interacts with the bases of 12 to 14 that are sequestered in the sandwich pocket, and also with the base of 11 ( Fig.  2A and F) . It is noteworthy that the 5 0 -capping residue is a conserved leucine in archaeal RNase J but is exclusively phenylalanine in bacterial RNase J (Supporting Information Fig. S1 ). A phenylalanine substitution of the 5 0 -capping Leu37 reduced the processivity of mpy-RNase J, but not a valine substitution (Fig. 5B) , disclosing the molecular basis of the differences in RNA translocation between archaeal and bacterial RNase Js. Probably because of the downstream archaeal loop I that affords an enhanced interaction with the bases 11 to 14, archaeal RNase J displays a more flexible requirement for the sidechain of the 5 0 -capping residue than bacterial RNase J. Archaeal loop II that extends the length of helix a10 can narrow down the channel entrance of archaeal RNase J in conjunction with archaeal loop I (Fig. 1C) , thus providing a stricter steric barrier for duplex exclusion. The 5 0 p pocket space of RNase J (Fig. 2F, Supporting Information S8A, and [de la Sierra-Gallay et al., 2008] ) explains the 5 0 -monophosphate preferential hydrolysis (Supporting Information Fig. S2 and Clouet-d'Orval et al., 2010; Levy et al., 2011] space to accommodate a second phosphate group and followed by a third one as accessible to solvent (Supporting Information Fig. S8B ). A similar RNA binding path is predicted for the bacterial tth-RNase J in endoribonucleolytic mode (Dorleans et al., 2011) , whereas the 5 0 -end sensing for 5 0 ppp is predicted to trigger an exoto endonucleolytic switch in sco-RNase J (Pei et al., 2015) , but not for accommodating 5 0 ppp (de la SierraGallay et al., 2008; Pei et al., 2015) . However, it was recently found that S. aureus RNase J1 can exoribonucleolytically attack the 5 0 ppp RNA from the 5 0 ppp end (Taverniti et al., 2011; Hausmann et al., 2017) , and M. smegmatis and B. subtilis RNase J1s also show weak cleavages at the 5 0 ppp end of RNA (Taverniti et al., 2011) . This indicates that 5 0 ppp RNA accommodation in the 5 0 p pocket can occur in bacterial RNase Js as well.
Striking parallels between prokaryotic and eukaryotic 5 0 -3 0 exoribonucleases
Remarkably, though lacking sequence similarity, the exposed molecular mechanism of RNase J in this study reveals striking parallels with the eukaryotic 5 0 -3 0 exoribonuclease Xrn1 in all aspects of enzymatic actions, including RNA binding, 5 0 -end recognition, catalysis, translocation and hydrolysis (Fig. 6B) . In Xrn1, the 5 0 p of RNA is also specifically recognized and tightly bound by a conserved 5 0 p pocket to ensure its degradation fidelity toward 5 0 p mRNAs (Jinek et al., 2011) . A similar sandwich pocket is seen in Xrn1 that sequesters three RNA bases with stacking and capping by conserved residues at each end (Jinek et al., 2011) . The nt 12 binding pattern equivalent to the nt 14 binding pattern of RNase J, is also found in Xrn1 by the phosphate group positioning over an a-helix N-terminus and the base stacking in the sandwich pocket. Accordingly, Xrn1 accumulates a 2 nt degradation intermediate (Jinek et al., 2011) , a manifestation of the distance between the two major RNA anchoring sites, the 5 0 p and nt 12 binding sites. By coordinating two magnesium ions and a water molecule, Xrn1 uses a two-metal-ion catalysis mechanism as well. Moreover, His41, the sandwich pocket 5 0 -capping residue of Xrn1, in concert with the 5 0 p pocket drive RNA translocation. Collectively, though there is no sequence similarity at all, the intrinsic molecular mechanism of the two 5 0 -3 0 exoribonucleases, the eukaryotic Xrn1 and the prokaryotic RNase J, resemble each other. This is distinct from the conclusion of Dorleans et al. (2011) drawn from the structure of tthRNase J complexed with a non-native RNA, which states RNase J and Xrn1 have no similarities in overall protein architecture and molecular mechanism. According to the findings of the present work, we propose that, during the evolutionary process, the essential 5 0 -3 0 exoribonucleases have evolved twice by following the principle of different enzyme, but similar strategy.
In conclusion, this work for the first time thoroughly clarified the molecular details of archaeal RNase J in RNA binding, specific recognition, catalysis, and translocation. The mechanism not only sheds light on the processive exoribonucleolysis of other RNase J family members, but also exposes conserved strategies among evolutionarily divergent exoribonucleases.
Experimental procedures

Cloning and expression
The open reading frame (ORF) Mpsy_0886 that encodes mpy-RNase J was amplified by polymerase chain reaction (PCR) using the genomic DNA and cloned into the NheI and XhoI restriction sites of plasmid pET28a (Novagen), and resulted in an expression plasmid to produce recombinant protein with a N-terminal 6 3 His-tag. Similarly, the ORF of SCO5745 encoding sco-RNase J was cloned into the NdeI and HindIII sites of pET28a. The expression plasmids were transformed into Escherichia coli BL21(DE3)-plysS competent cells. Transformants were cultured at 378C in LB medium containing 50 mgÁml 21 Kanamycin to an optical density of 600 nm of 0.6-0.8, and followed by 16 h of induction with 0.5 mM isopropyl-b-D-thiogalactoside (IPTG) at 228C. Cells were harvested by centrifugation at 5000 g for 30 min at 48C and then stored at 2808C until analysis.
Site-directed mutations in the full-length protein were introduced using a site-directed mutagenesis kit (Stratagene). Primers (Sangon) used for cloning and mutagenesis for mpy-RNase J and sco-RNase J are listed in Supporting  Information Tables S3 and S4 respectively. The PCR products were verified by DNA sequencing for all constructs.
Protein purification
The mpy-RNase J and its mutants were purified as follows. The harvested cells were resuspended in binding buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 20 mM imidazole and 5% (w/v) glycerol), lysed by sonication, and centrifuged at 10,000 g for 30 min at 48C. Then, the supernatant was loaded on a HisTrap HP column (GE Healthcare) equilibrated with binding buffer and eluted with linear gradient from 50 mM to 500 mM imidazole. The eluted protein was then dialyzed against buffer A (20 mM Tris, pH 7.5, 100 mM NaCl and 5% [w/v] glycerol) and loaded onto a HiTrap Q HP column (GE Healthcare), and subsequently eluted with linear gradient of 100 mM to 1 M NaCl to remove the contaminative RNA from E. coli. The eluted protein was validated to be RNA free via measurement of the OD260 to OD280 ratio by NanoDrop 2000 UV-Vis Spectrophotometer (Thermo). Proteins with an OD260 to OD280 ratio below 0.6 were specified as RNA/DNA free (Niedner et al., 2013) . Finally, the RNA-free protein was further purified by size exclusion chromatography using a HiLoad 16/ 60 Superdex 200 pg column (GE Healthcare) with buffer B (20 mM Hepes, pH 7.5, 100 mM NaCl and 5% [w/v] glycerol). The highly purified protein was concentrated to 10 mg/ml using Amicon Ultrafra-30 concentrators (Millipore), flash frozen and stored at 2808C for crystallization and biochemical assays. Sco-RNase J and its mutants were purified using the same procedure for mpy-RNase J except using buffer C (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, and 5% (w/v) glycerol) for size exclusion chromatography.
RNA synthesis and labeling
The DNA templates for in vitro transcriptions of sR47 (Top: ccggaattctaatacgactcactatagggatgaagatgatgagctcggc aggtcctgaggagtgatgaggatcttgagtgctgattcacctt;
Bottom: aaggtgaatcagcactcaagatcctcatcactcctcaggacctgccgagctcatc atcttcatccctatagtgagtcgtattagaattccgg) were designed as the methods described previously (Nolivos et al., 2005; Phok et al., 2011; Phung et al., 2013) and synthesized by Sangon (Shanghai, China). The synthesized DNA oligonucleotides containing T7-Promotor were incubated with the complement oligonucleotides at 908C for 5 min, and then slowly cooled to 378C to generate the DNA templates. In vitro transcriptions were conducted using the MEGA shortscript T7 Kit (Ambion). 5 0 -labeled triphosphate (5 0 p*pp) sR47 was transcribed as previously described (DaouChabo and Condon, 2009) , UTP, CTP, ATP and [g-32 P] GTP (Perkinelmer) were added into the in vitro transcription reaction buffer and incubated at 378C for 10 min first to allow sufficient incorporation of [g-32 P] GTP into the first position of initiated transcripts. Cold GTP was then added and incubated for another 60 min to complete the synthesis of the full-length transcripts. 5 0 -monophosphate sR47 was transcribed as described in (Jiang et al., 2000) , 20-fold excess of GMP over GTP was added into the transcription reaction mixture. polyA RNAs of 4-16 with 5 0 p end were purchased from Genscript (Nanjing, China 
Nuclease activity assay
A conventional nuclease reaction in a final volume of 10 ll contained 200 nM wild type mpy-RNase J or its variants, 200 fmol 5 0 -monophosphorylated RNA, 20 mM Hepes, pH 7.5, 100 mM NaCl, 1 mM DTT, 5 mM MnCl 2 and 5% (w/v) glycerol. To detect the 5 0 -end preference of mpy-RNase J, 200 fmol 5 0 -triphosphorylated RNAs and 2 lM mpy-RNase J were used in nuclease assays as indicated in the text. The conventional nuclease assay for sco-RNase J or its variants was performed under the similar reaction condition as describe above except with a higher protein concentration of 8 lM in a reaction buffer of 50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM DTT, 10 mM MgCl 2 , and 5% (w/v) glycerol. To determine the degradation of RNase J on the minimal substrate pNp, 20 fmol of 5 0 -[ 32 P]pCp was incubated with 2 pmol of mpy-RNase J or 20 pmol of scoRNase J or 5U of Mung Bean Nuclease (NEB Biolabs) for 30 min in conventional nuclease assay buffer. All reactions were initiated by addition of the enzyme, incubated at 378C for 2-30 min, and then stopped by incubation with 10 lg/ml Proteinase K (Ambion) at 558C for 15 min. After incubation, the reaction solutions were mixed with formamidecontaining dye and analyzed on 10% urea-PAGE or 20% urea-PAGE for substrates with lengths shorter than 20 nt. The nucleotide ladder was generated from the labeled RNA substrate by alkaline hydrolysis or RNase T1 (Ambion) digestion. For thin layer chromatography (TLC) plate analysis, the primary reaction solutions without stopping by Proteinase K were directly spotted on a TLC plate (PEIcellulose, Nagel), developed with 1M KH 2 PO 4 for GTP identification or 0.25 M for other nucleotides as described in (Portnoy et al., 2008) . The migration positions of the reaction products were identified by that of relative markers spotted simultaneously on TLC plates, nonradioactive GTP/ GMP or radiolabeled p*Cp, detected by UV shadowing or autoradiography. All urea-PAGE gels and TLC plates were analyzed by autoradiography with X-ray film and/or by phosphorimaging with Storm Phosphor-Imager and ImageQuant software (GE Healthcare). Initial reaction rates were determined by measuring the slope representing the percentage of substrate degraded or products generated during the linear phase of the reaction in at least three independent experiments.
Crystallization and structure determination
Crystallization was conducted by hanging-drop vapor diffusion using 24-well culture plates at 228C. The protein Mechanism of processive exonucleolysis of RNase J 363 concentration was 5 mg ml 21 . The crystal of RNA-free mpy-RNase J was grown in solution containing 2 M (NH 4 ) 2 SO 4 and 2%-5% glycerol. To obtain the protein-RNA complex, a 5 nt polyA RNA was solved in DEPC water to 0.5 mmol/L, and then mixed with mpy-RNase J-H84A or mpy-RNase J-S247A mutant at a volume ratio of 1:4. The H84A-RNA complex crystal was grown in the solution containing 1.8 M (NH 4 ) 2 SO 4 and 3% glycerol, and the S247A-RNA crystal was obtained in the solution of 0.01 M MgSO 4 , 0.05 M (CH 3 ) 2 AsO 2 Na and 2 M (NH 4 ) 2 SO 4 respectively. The crystals were soaked quickly in cryoprotectant mixed with 3M (NH 4 ) 2 SO 4 , ethylene glycol and H 2 O in a volume ratio of 2:1:1, and then flash frozen in liquid nitrogen. The diffraction data were collected at beamline BL19U of the Shanghai Synchrotron Radiation Facility and were processed with programs HKL2000 (Otwinowski and Minor, 1997) , iMOSFLM (Battye et al., 2011) and Scala (Evans, 2006) . All three structures were determined with Phaser (McCoy et al., 2007) by the molecular replacement method using 3ZQ4 as the search model and refined with PHENIX, with individual site and TLS refinement coupled with Cartesian simulated annealing (Adams et al., 2002) . The program Coot (Emsley and Cowtan, 2004) was used for the subsequent manual refinement and RNA modeling. The data collection and refinement statistics are listed in Supporting Information Table S2 . There were 91.90%, 6.77% and 1.33% residues in mpy-RNase J structure, 94.40%, 4.39% and 1.21% residues in mpy-RNase J H84A-RNA complex structure, and 96.74%, 2.5% and 0.76% residues in mpy-RNase J S247A-RNA complex structure in the favored, allowed and disallowed regions of the Ramachandran plot respectively. All structure figures showing atomic model were generated with PyMOL (http://www.pymol.org).
Electrophoretic mobility shift assay
Binding abilities of mpy-RNase J and its mutants to RNA/ DNA were all determined on the background of the alanine substitution of His84, which strongly compromised cleavage without affecting RNA binding. A conventional EMSA reaction in a final volume of 10 ml contained 20-500 fmol radiolabeled RNA or DNA, 0.08-30 mM proteins, 20 mM Hepes, pH 7.5, 100 mM NaCl and 5% glycerol. Reactions were started by addition of the enzyme, incubated at 48C for 10 min and then analyzed on a native 6% or 10% (substrate length shorter than 20 nt) polyacrylamide gel (79:1) containing 0.53 TBE and 2.5% glycerol. The gels were dried and analyzed by autoradiography and quantified by phosphorimaging as described above. The equilibrium dissociation constant (K D ) was calculated from the binding isotherms of at least three independent determinations as described previously (Heffler et al., 2012) .
